Abstract. The manuscript presents a detailed description of the meteorological and chemical code of Malte -a model to predict new aerosol formation in the lower troposphere. The aerosol dynamics are achieved by the new developed UHMA (University of Helsinki Multicomponent Aerosol Model) code with kinetic limited nucleation as responsible mechanism to form new clusters. First results indicate that the model is able to predict the on-and offset of new particle formation as well as the total aerosol number concentrations that were in good agreement with the observations. Further, comparison of predicted and measured H 2 SO 4 concentrations showed a satisfactory agreement. The simulation results indicated that at a certain transitional particle diameter (2-7 nm), organic molecules can begin to contribute significantly to the growth rate compared to sulphuric acid. At even larger particle sizes, organic molecules can dominate the growth rate on days with significant monoterpene concentrations. The intraday vertical evolution of newly formed clusters and particles in two different size ranges resulted in two maxima at the ground. These particles grow around noon to the detectable size range and agree well with measured vertical profiles.
Introduction
New secondary particle formation has been observed at almost all places where both particle number concentrations and size distributions have been measured; a comprehensive summary of these studies is given in Kulmala et al. (2004a) . However, many questions currently remain regarding the extent to which these secondary aerosols can influence climate, radiative properties and human health. There is growing evidence that the Earth's radiation budget is affected by radiative forcing caused by changes in the number concentration and composition of aerosols (Lohmann and Feichter, 2005; Ramanathan et al., 2001 ). In addition higher number concentrations of ultrafine particles could have a strong impact on the size distribution of cloud condensation nuclei, which will further affect cloud properties (Kerminen et al., 2005) .
Even though many field campaigns, laboratory experiments and new modelling approaches have improved our understanding to some extent, detailed mechanisms responsible for the formation of new particles in the planetary boundary layer are still not completely elucidated to date. Here we merged individually developed codes into a one-dimensional model including aerosol dynamics, boundary layer meteorology and chemistry in order to investigate the formation and growth processes responsible for the secondary organic aerosols under realistic atmospheric conditions. Up to our knowledge this is the first approach to combine aerosol dynamics, chemistry and meteorology in a one-dimensional model to investigate the different mechanisms included in the formation of secondary organic aerosols in the planetary boundary layer. 
Model description

Model overview
MALTE is a one-dimensional model which includes several modules for the simulation of boundary layer dynamics and both chemical and aerosol dynamical processes. Owing to the modular structure, a number of sub-models can be alternatively switched on/off depending on the question of interest. This modular nature also facilitates use and testing and offers the possibility to quantify possible impacts and interactions. For example, MALTE can be used as a simple box-model to simulate chamber experiments. Figure 1 shows the basic schematic of the model. Some of these parts are currently under construction and will not be described here (highlighted with gray in Fig. 1 ). MALTE divides the planetary boundary layer (PBL) into several layers. The number and thickness of the model layers are variable, typically dependent on the availability of sounding measurements which are used to initialize the model. For the timedependent integration of the chemical and aerosol processes, a Runge-Kutta scheme is used (Press, 1992) . In the following, the model description of the meteorological, chemical, and aerosol-dynamical processes will be presented.
Planetary boundary layer model 2.2.1 Governing equations
For the description of Planetary Boundary Layer (PBL) processes, a first-order closure technique is applied. The PBL model includes predictive equations for four first statistical moments (means), i.e., the x-and y-component of the windū andv, the potential temperatureθ and the specific humidityq. The model is mainly based on the previous works of Blackader (1979) and ReVelle (1993) . It considers geostrophic wind forcing, radiative forcing, and large-scale subsidence. Assuming horizontal homogeneity, the governing equations in an Eulerian reference system are: 
Here, f c =2ω sin denotes the Coriolis parameter with ω=7.27×10 −5 s −1 being the angular velocity of the Earth's rotation, and being the geographical latitude. The variables u g and v g are the x-and respective y-component of the geostrophic wind, and w s is the large-scale subsidence velocity. The turbulent fluxes of momentum (longitudinal and lateral to the mean wind), sensible heat, and humidity are w u , w v , w θ and w q , respectively.
According to the annotation of Stull (1997, Subsect. 6.4, p. 203-204) , a first order/local closure is applied, i.e., the second moments are parameterised according to the downgradient approximation or "K-theory":
Here K m and K h denote the eddy diffusivities for momentum and scalars, respectively.
Prandtl layer parameterization
The Prandtl layer model is based on Blackadar (1979) and ReVelle (1993) . A comprehensive motivation and explanation of the present realisation of that model, called "Blackadar system" can be found in ReVelle (1993) . A key assumption is the fact, that "the near-surface air temperature change is controlled by a combination of radiative and turbulent forcing as a function of the flow regime of the nearsurface PBL." The Prandtl layer is subdivided into two layers. The first layer extends from the ground level up to the height z 1 =1 m. In this near-surface layer the flow is quasilaminar and atmospheric radiation effects become important for the thermal flow structure. Hence, this layer is named "radiation-surface layer". The second layer reaches from the level z 1 up to the level z 2 =10 m, with z 2 denoting the top of the Prandtl layer being identical to the first regular model level. In this layer the flow is turbulent and only turbulent heating and cooling controls the vertical structure of the wind and temperature fields, but not radiation. Thus, this layer is named "turbulence-surface layer". The Blackadar system includes governing equations for the Prandtl layer air potential temperatureθ 1 at z 1 =1 m, and the components of the wind velocityū 2 andv 2 , respectively, within the Prandtl layer. Additionally, further equations for the determination of the ground surface interface potential temperatureθ g and the "deep" ground potential temperature,θ m , representing the temperature at the depth of penetration and the diurnal heating-cooling cycle, are considered. The final set of equations, except for the soil properties, read:
The model parameters are the turbulent flux of sensible heat
, a dimensionless empirical constant b=0.2, the surface emissivity ε, the Stefan-Boltzmann constant σ =5.67×10 −8 Wm −2 K −4 , the von-Karman constant κ=0.4, the air density ρ in [kg m −3 ], the specific heat capacity of moist air c p in [J kg −1 K −1 ], the friction velocity u * = w u s + w v 1 4 and g=9.80665 m 2 s −1 being the constant of gravity, and z 0 the aerodynamic roughness length (Blackadar, 1979, Eq. 5.10) . According to the values of Ri B three different regimes can be distinguished:
In this case the lowest layer becomes non-turbulent, and even though the wind velocity at the level z 2 is not zero, the momentum fluxes at the surface are set to zero. Then, the kinematic temperature scale θ * as well as the stability functions for momentum and heat transfer m and h are set to zero, hence H 0 =0. For the friction velocity a minimum value of u * =0.05 ms −1 is assumed. The turbulent humidity "mass" flux Q 0 in [kg m −2 s −1 ] is reduced to the molecular flux according to
With Q 0,mol being the molecular humidity mass flux, m a being the moisture availability at the surface, i.e., the efficiency of evaporation (0-1), K h,mol =2.4×10 −5 m 2 s −1 the molecular eddy diffusivity for scalars, and h being a characteristic Prandtl layer length scale (Lettau's length scale)
The kinematic humidity scale reads
In the case of stable but turbulent flow the Monin-Obukhov length is determined from the following equation (Blackadar, 1979, Eq. 5.11 ):
Then, the kinematic scaling properties are (Blackadar, 1979, Eqs. 5.12-5.13 ):
with q g being the specific humidity at the surface, i.e.,
and q g,sat the saturation specific humidity at z=0. The latter is a function of the saturation vapour pressure of water at z=0 and the surface air pressure.
(c) Ri B <0:
In the unstable case the last estimate of the Monin-Obukhov length is used to evaluate the scaling properties (Blackadar, 1979, Eqs. 5.15-5.20 , see references therein): Blackadar (1979, Appendix) is used (see ReVelle (1993) as well). It is very similar to the "forcerestore method", such as described, e.g., in Stull (1997, p. 285-287) . The governing equations forθ g are
with E being the energy flux input into the soil slab of uniform 
Eddy diffusivity parameterization
In the basic version, the eddy diffusivity coefficients for momentum K m and scalars K h are diagnostically parameterised according to an approach proposed by Blackadar (1979, Eqs. 4.18-4.19, see references therein) . This closure scheme is essentially based on a level-2-approximation of the governing equations of a turbulent PBL flow according to the annotation of Mellor and Yamada (1974) . The basic assumptions are horizontal homogeneity, stationarity, and that the advective and diffusive terms are negligible. The Mellor/Yamadalevel-2 approximation is known for not achieving MoninObukhov similarity. To overcome this problem Blackadar (1979) revised this scheme to improve its usefulness, especially to restore the Monin-Obukhov similarity. The authors rewrote the set of approximative level-2 equations with substitutions for the original length scales and introduction of new empirically derived parameters, which originate from the effect of vortex stretching and buoyancy adjustment on the pressure-correlation terms. Mellor and Yamada, e.g., did not include the effects of buoyancy adjustment. From an algebraic solution of eight revised diagnostic equations, Blackadar (1979) obtained flux-gradient relations to parameterise the turbulent heat and momentum flux as well as the Richardson number for stable, neutral, and unstable conditions. Apart from the basic turbulence scheme, there are a number of additional options in MALTE for the eddy diffusivity parameterisation, based on semi-empirical and ad-hoc profile methods, such as those proposed by Holtslag et al. (1995) , Lüpkes and Schlünzen (1996) , Degrazia et al. (1997a Degrazia et al. ( , b, 1998 Degrazia et al. ( , 2001 . In all of them, the mixing height z i serves as a characteristic length scale in the convective boundary layer (CBL). Here, the determination of z i is based on the bulk Richardson number according to the approach proposed by Holtslag et al. (1995, Eqs. 9-10 , and Appendix).
Radiative forcing
The radiative forcing throughout the PBL due to the divergence of shortwave and long-wave radiative fluxes is parameterised according to Kondo and Matsushima (1993) . The parameterisation uses the surface temperature and the temperature at 1 m along with the vertical profiles of water vapour and carbon dioxide to estimate the heating/cooling rate due to longwave radiation in the boundary layer.
Chemical mechanism
The chemistry module is solved for every height level and consists of 70 species, with 123 chemical and 16 photochemical reactions. Chemical loss, production and deposition are taken into account. All chemical species are listed in Table 1 along with their deposition velocities and initialisation values. With the exception of sulphuric acid (which is treated separately), the mass balance equation of each species is:
where C i is the concentration of species i, P i is the chemical product rate, L i C i is the chemical loss rate, v dep is the deposition velocity and z 2 −z 1 is the thickness of the first layer. The mass balance equation for sulphuric acid is similar:
Here, the loss term L H 2 SO 4 represents the amount of H 2 SO 4 condensing onto particles and participating in nucleation mechanisms. The turbulent fluxes of the chemical species were parameterised using K-theory, whereas the eddy diffusivity for the scalars (e.g., heat) was applied. Second-order reaction rate coefficients are calculated from Arrhenius-type expressions:
where the corresponding values for A and E/T are listed in Appendix A. Third-order reactions rate coefficients are calculated using a Troe formulation:
These are listed in Appendix B. Photo-dissociation rate coefficients are based largely on the work of Finlayson-Pitts and Pitts 1986 and are calculated according to equation
where the absorption cross-sections, σ s , and quantum yields, φ, are modified such that λ=5 nm (Appendix C) (Atkinson and Lloyd, 1984; Atkinson et al., 1989; Baulch et al., 1982) . The solar actinic flux, I , is calculated using latitude, longitude and day of the year to predict top of the atmosphere short wavelength downward irradiance for every time-step. The values are further corrected by short wavelength measurements from Hyytiälä at noon to reflect the real daily irradiance input (depending on the aerosol optical thickness) and compared with measured spectral radiation measurements of the selected day. The differential equations were solved using the NAG-library FORTRAN routine D02EJF.
Aerosol dynamics
The aerosol dynamics are solved by the size-segregated aerosol model, UHMA (University of Helsinki Multicomponent Aerosol model). A detailed description of the model has been recently published by Korhonen et al. (2004) . The model includes the major aerosol microphysical processes for a clear-sky atmosphere. It focuses on new particle formation and growth; thus, it incorporates both particle coagulation and multicomponent condensation. Rannik et al. (2003) . In order to account for deposition of newly formed particles, we have extrapolated the Rannik et al. (2003) results to particle sizes less than 10 nm. The representation of particle size distribution applied in this version of UHMA can be chosen from two methods: the fixed sectional and the moving centre approach. Sensitivity studies and a detailed discussion of the advantages and disadvantages of both methods can be found in Korhonen et al. (2004) . In the present study we have used the fixed sectional approach with 40 size bins.
The simulated aerosol phase chemical components consist of sulphuric acid, water-soluble organic compounds, and an arbitrary number of insoluble constituents representing, e.g., mineral dust, water-insoluble organics, and black carbon. Out of these, sulphuric acid and the organic compounds are treated as condensable species. The condensation flux of these vapours onto the particles depends on the properties of the vapour, the particle composition, and the shape of the particle distribution. The onset of low or semi-volatile organic vapour condensation onto the nano-sized inorganic clusters is determined by Nano-Köhler theory, which describes the thermodynamic equilibrium between an inorganic cluster, water, and a water soluble organic compound. For further details of the thermodynamic model, we refer the reader to Kulmala et al. (2004b) . The particle water and ammonia content, on the other hand, is determined at every time step by equilibration of gaseous water and ammonia with the particulate sulphate and water-soluble organic fraction.
The model incorporates three schemes of homogeneous new particle formation: (a) binary H 2 SO 4 -H 2 O (Kulmala et al., 1998), (b) ternary H 2 SO 4 -H 2 O-NH 3 (Napari et al., 2002) , and (c) kinetic limited nucleation. If kinetic nucleation is switched off the critical value of ammonia is set to 0.1 pptv due to the lower validity limit of the ternary parameterisation. When ammonia concentrations are below this critical level, ternary nucleation rates are very small, such that this assumption does not introduce significant errors in the model simulations. During this work we tested all three nucleation codes and used kinetically limited nucleation as the most accurate mechanism.
The coagulation kernel used in the model accounts only for Brownian diffusion. For submicron particles, coagulation tends to dominate over other mechanisms. The turbulent fluxes of the particle number concentration were calculated 
Model initialisation
The initialisation of the meteorological data depends on the availability of vertical measurements. For Hyytiäla, soundings were used from Jokioinen, a monitoring station of the Finnish Meteorological Institute located about 100 km southwest of Hyytiälä. Temperatures at 1 m, 0 m and at 1m depth within the soil were from measurements at the SMEAR II station in Hyytiälä. A detailed description of the station and instrumentation can be found in Kulmala et al., 2001 and under http://www.honeybee.helsinki.fi/smear/. The initial gas concentrations of most species -especially the organic reaction products -were set to zero during the night at the start of the model run (see Table 1 ). For several other gases like CO, NO, NO x or Ozone, measurements from the SMEAR II station were used. However, because of the lag of vertical profiles during night time, we assumed a constant distribution throughout the residual layer for all gases except the monoterpenes, NH 3 and SO 2 . The monoterpene concentrations were measured diurnally with an assumed vertical gradient of
in agreement with earlier measured profiles (Boy et al., 2004) . Sulphur dioxide and ammonia are two important species for the ternary nucleation mechanism. Sulphur dioxide is produced by fossil-fuel combustion, industry and volcanoes and reaches the Hyytiälä site via horizontal advection. SO 2 concentrations were initialised using the daily measured profiles at ground level with the same vertical distribution as the monoterpenes for all model runs to contribute for emissions from some towns nearby. In the case of NH 3 , both deposition and emission fluxes are possible, depending on the compensation point for the surface vegetation (Langford and Fehsenfeld, 1992) . However, currently there is no emission/deposition module for ammonia in MALTE. Therefore, we have used the measured diurnal surface concentrations and assumed a similar vertical gradient as for the monoterpenes.
The initial aerosol concentrations and size distributions at the surface were based on DMPS (Differential Mobility Particle Sizer) and APS (Aerodynamic Particle Sizer) measurements from the SMEAR II station. We assume the same vertical gradient as for the monoterpenes to initialise the vertical aerosol distribution, however, we also account for aerosol deposition processes.
Currently there is a considerable lack of knowledge concerning the atmospheric oxidation of complex organic molecules such as monoterpenes. The identities of the endproducts, their reaction yields and their physical and chemical properties are not well-characterised. Therefore, in MALTE we have assumed a yield from monoterpene oxidation (Appendix A, Reactions 69-80) of 0.05 for all reaction products (Organic vapour I) capable of condensing on nanosized inorganic clusters (as determined using Nano-Köhler theory) and a yield of 0.05 for all products (Organic vapour II) capable of being involved in the general condensation mechanism. These two yield values were found to give the best agreement for particle growth and size distribution with the measured values for the selected days. Boy et al. (2003) previously used a yield of 0.03 for the reaction products of the monoterpenes to calculate the contribution from the organics to the growth of the nucleation mode particles based on simulation of the MCM 2.0 (Master Chemical Mechanism, Jenkin et al., 2000) . However, this lower value resulted in overestimating the number concentrations of small particles and underestimating the concentrations of organics needed to grow the newly-formed clusters compared to the measured distributions. The physical properties for sulphuric acid and the "pseudo" organic vapours I and II used in the condensation schemes are listed in Table 2 . The simplified assumptions to calculate the amount of condensable vapours with measured monoterpenes concentrations reflects only the quantitative role of organic vapours in the particle formation processes. Further improvements in the chemical module and knowledge about emissions of higher terpenes like the sesquiterpenes will in the future give more qualitative information about the real organic species.
The formation of new clusters was calculated inside the UHMA code by binary, ternary and kinetic nucleation with an average ammonia concentration of 24 pptv based on the measured values. Model simulations using this amount of ammonia resulted for the ternary code in cluster formation rates that were by a factor of 10 higher compared to measured particle size distributions, whereas binary nucleation always strongly underestimated the amount of newly formed particles. Kinetic nucleation was calculated by
with K as the kinetic coefficient, containing the details of the nucleation process, specially the probability that a collision of two molecules results in the formation of a stable critical cluster. Varying this factor in conjunction with the production yield of the condensable organics indicated that a value of K=1×10 −12 cm 3 s −1 best reproduced the observed values. A value similar to the results published recently by Sihto and co-authors (2005 -mean K=0.6×10 −12 cm 3 s −1 ).
This approach is also similar to that of Weber et al. (1996) , who empirically derived a nucleation rate based on field measurements. Assuming a steady-state cluster distribution, the upper limit for the new particle formation rate is the rate at which H 2 SO 4 collides with itself, βH 2 SO 4 ] 2 , where the collision frequency function β was reported to be about 3×10 −10 cm 3 s −1 . With consideration of the effect of stabilising species such as NH 3 on clusters containing one or more H 2 SO 4 molecules and H 2 O, the steady state rate of particle formation in the absence of cluster scavenging by pre-existing particles can be parameterised as follows:
with β=3×10 −10 cm 3 s −1 and γ =0.001-0.003. Considering the usual uncertainties of commonly used nucleation parameterisations, the pre-factor βγ =(3-9)×10 −13 cm 3 s −1 in the approach of Weber et al. (1996) is only marginal smaller than that used in the present approach.
Currently, the processes governing the formation of clusters and the species involved is an unresolved question and will require further study to elucidate the exact mechanisms. However, our results suggest that kinetic nucleation could be the possible nucleation mechanism for the formation of clusters as suggested recently by Kulmala et al. (2005) . The constant kinetic coefficient used here may be a function of different parameters, e.g., temperature or humidity, and could to some extend also depend on the availability of certain organic reaction products.
The days we have chosen to test MALTE took place during an intensive field campaign of the EU QUEST (Quantification of Aerosol Nucleation in the European Boundary layer) project, which was conducted in Hyytiälä, Finland in March-April 2003. We have selected three days with different aerosol loadings in which new particle formation was observed (20, 25 and 26 March) , and one non-event day (4 April). For all days the simulation time was 24 h starting at 00:00 EET (winter time). Fiedler et al., 2005) and calculated sulphuric acid concentrations for all selected days at the surface. The model tends to overestimate H 2 SO 4 concentrations in the first hour after sunrise. This effect could result from the fact that the measurements were performed in a clearing within the forest which decreased the actinic flux at sunrise under stable atmospheric conditions. The large H 2 SO 4 fluctuations during simulation day 1, 2 and 4 (Figs. 2a, b and d) reflect the sensitivity of the model against the fluctuations in the measured sulphur dioxide profile. On these days, SO 2 concentrations were always below 0.5 ppb which is near the detection limit of the instrument. However, the general patterns of the modelled H 2 SO 4 concentrations agree to a large extent with the measured data on the event days. On the 4 April the model over-predicts the concentration at some times by approximately a factor of 2-3. One explanation for this high concentration could be the fluctuations in the sulphur dioxide concentrations and/or the existence of fog droplets with diameters above 20 µm, the upper detection limit of the APS system. The relative humidity on this cloudy day showed a converse pattern compared to the other days with values between 90 and 100%, which then decreased around 17.00, the time when the measured and simulated sulphuric acid concentrations start to agree. In general the model seems to predict sulphuric acid concentrations quite well and future refinements of the chemical reaction mechanism and the condensation sink will likely further increase the accuracy for this specie.
Results
Figure 2a-d gives the measured
The kinetic nucleation used H 2 SO 4 concentrations to produce a number of newly-formed clusters. Whether these newly-formed clusters will survive to grow (by condensation of vapours) into a larger particle or coagulate onto an existing aerosol is strongly dependent on the amount of existing aerosols or the condensation sink. During this work, the input aerosol background was the measured aerosol distribution during the night which gave the best correlation to the aerosol loading for the corresponding day. However, although new particle formation has often been observed over distances ranging from approximately 50 km to the synoptic scale (>1000 km) (Stratmann et al., 2003; Komppula et al., 2003) , the particle distribution and number concentration will be influenced to some extent by horizontal advection during the day. This effect will not be reproduced by a one dimensional model and some uncertainties concerning the formation and growth of particles will always result from the diurnal pattern of the background aerosols.
The 20 March (Fig. 3) shows a typical example of the diurnal aerosol pattern explained above. Although the wind direction was continuously from the North throughout the day, the aerosol background concentration shows a minimum around 4.00 and a second decrease around noon. For this day we picked the aerosol loading for the model run at around 8.00, just prior to the onset of new particle formation. MALTE starts to produce new particles at exactly the same time as the observations and with nearly the same total particle number concentration (Fig. 4a) . In the early afternoon the newly formed particles have grown to between 5 to 10 nm in size and by around 21:00 the new particles in the smallest detectable size range have decreased to near zero. The model maintains the higher background aerosol loading from the morning through the afternoon. For this reason, the condensable vapour available for the growth of the new formed particles is less than the amount available in the real atmosphere. During this day, monoterpene concentrations increased from below detection limit up to 156 ppt between 21:00 and 23:00. This is likely to result in a high amount of condensable vapours leading to a strong growth rate at the end of this day. The model shows a similar behaviour during the evening hours with smaller growth rates, but lacks sufficient night-time chemistry and concentrations of other organic precursors (e.g. sesquiterpenes) to reproduce the existence of these high amounts of condensable vapours at this time of the day.
The 25 March features the same basic structure with a smaller particle decrease around noon and a higher background aerosol concentration (Figs. 5 and 4b) . MALTE predicts the onset of the new particle formation on this day as well and stops around the same time as the measured particle burst ends. The decrease in the measured Aitken mode concentration after 12:00 occurred concurrently with the continuous growth of newly formed particles with a nearly constant growth rate which persisted throughout the afternoon. However, this "dilution" is most likely a horizontal advection effect and, similar to the first day, provides a higher amount of condensable organic species relative to the model which maintains the higher background aerosol concentration.
A more constant pattern of aerosol size distribution for the existing particles was observed during our last selected event day, the 26 March (Figs. 6 and 4c) . On this day, aerosol number concentration decreased after the evolution of the mixed layer around 09:00 and showed a small fluctuation in the late afternoon. Modelled and measured aerosol size distributions, including the particle formation burst, and the total aerosol number concentrations showed a high degree of correlation. An interesting aspect on this day is that both measured and modelled aerosol distributions show a similar two mode structure during the afternoon. In contrast to the earlier days where measurements showed a decreasing background aerosol concentrations and a merging unique Aitken mode distribution in the late afternoon, the nucleation mode and the Aitken mode aerosols are both visible in the measurements on this day in agreement with the model. To test our model for days with clean air masses from north but with no observed particle formation, we have selected the 5 April (Figs. 7 and 4c ). This day showed similar background aerosol concentrations as the 20 March, but cloudy conditions during the entire day decreased the solar irradiance to less than half of that observed on event days. This tends to explain the low sulphuric acid concentrations observed on this day (Fig. 2) as photochemical production was suppressed. The observed high aerosol concentrations around sunset were likely due to advection of polluted air over the site and not local particle formation as evidenced by the lack of very small particles during this time. Therefore, it appears that our model can satisfactorily predict both the onset and the amount of newly-formed particles on these days within a reasonable degree of uncertainty caused by fluctuations in the background aerosol concentration.
In our model simulations, new particles grow by condensation of both sulphuric acid and organic vapours (primarily organic acids, such as di-carboxylic acids). Boy et al. (2003) previously estimated the contribution of sulphuric acid molecules to the particle growth in the nucleation mode to be between 8-50%. In Fig. 8 we have plotted the ratio M. Boy et al.: MALTE -model to predict new aerosol formation in the lower troposphere of the particle growth rate via H 2 SO 4 (GR[H 2 SO 4 ]) to the growth rate due to organic vapours (GR[Organics]) versus either particle diameter (Fig. 8a) or time of day (Fig. 8b) for the four selected days. Under the conditions studied here, the growth rate for particles with diameters below about 2-7 nm is primarily controlled by sulphuric acid. Similar results were published by Wehner and co-authors (2005) recently. They calculated that new particles needed to reach a size range between about 7-20 nm before it becomes apparent that organic (semi-volatile) vapours can contribute significantly to the growth rate (GR[H 2 SO 4 ]/GR[Organics])≤2). However, their observations were from a more urban site in Germany with up to twice as much H 2 SO 4 . In the present study at the more rural South-Central Finland site, this size range seems to be shifted to smaller diameters. After the particles reached this transitional size, the contribution of sulphuric acid to the particle growth rate typically dropped to around 10-30%. The 20 March diverged from this trend, M. Boy et al.: MALTE -model indicating that sulphuric acid equals the growth compared to the organic vapour over the entire size spectrum above 7 nm. This day was 5-10 • C cooler (T max =−5 • C) than the other case days and observed monoterpene concentrations were below the detection limit until after 21:00. Therefore, contribution to the particle growth rate by organic vapours was suppressed.
The initial distributions of the aerosol background concentrations at the model start were based on DMPS and APS ground measurements with a vertical gradient (details see Sect. 3). Figures 9a and b show the vertical daily evolution of particle number concentration in 2 different size ranges (1 to 3 and 3 to 6 nm) for the 26 March. The simulations of the newly formed clusters with diameters <3 nm indicates two maxima in the morning and around noon at ground level. Later, these clusters have grown to the detectable size range of 3 to 6 nm. The results showed in Fig. 9b agree with measured vertical profiles between 11:21 and 11:31 for the same 4512 M. Boy et al.: MALTE -model to predict new aerosol formation in the lower troposphere day reported by O'Dowd et al. (2005) , in which the authors reported high number concentrations of particles between 3 to 6 nm from about 100 m (lowest flight height) up to 500 m and a decrease above.
Summary and conclusions
During this study we used a one-dimensional model (MALTE) with a chemical and aerosol module to calculate the amount of newly-formed particles in the mixed layer. In the current model, kinetic nucleation of H 2 SO 4 was considered to be the primary mechanism for the formation of new particles. It was found that the predicted particle size distributions were in agreement with the measurements by using a value of 1×10 −12 cm 3 s −1 for the kinetic coefficient. This parameter includes the probability that a collision of two molecules results in the formation of a stable critical cluster, as well as all other important details concerning the nucleation process like, e.g., temperature, humidity, or organic vapours influences. Future work has to clear up the exact equation for the kinetic coefficient.
The concentrations of the condensing organic species were calculated from the reaction products of the monoterpenes with OH, O 3 and NO 3 assuming an aerosol yield of 0.05 for the condensation upon the nano-sized inorganic clusters by Nano-Köhler theory and a yield of 0.05 for the main condensation scheme, respectively. Both of these estimates are based on optimising the model runs to reproduce observed values. Due to uncertainties in the atmospheric degradation of monoterpenes and the identities and properties of the condensing organics, this is the only possible strategy at present.
For four selected days (3 days with new particle formation and one day without) our model predicted the on-and offset of new particle formation as well as the total aerosol number concentrations that were in good agreement with the observations. We further compared the predicted and measured H 2 SO 4 concentrations for all days and found satisfactory agreement on all event days. On the non-event day, the modelled sulphuric acid concentrations were partly a factor of 2-3 higher than the measured H 2 SO 4 . One possible explanation could be a high uptake of H 2 SO 4 by existing fog droplets. The simulation results further indicated that at a certain transitional particle diameter (2-7 nm), organic molecules can begin to contribute significantly to the growth rate compared to sulphuric acid. At even larger particle sizes, organic molecules can dominate the growth rate on days with significant monoterpene concentrations.
Even with the large uncertainty in nucleation mechanisms and the chemistry (properties of condensable organics) MALTE is capable of adequately reproducing aerosol observations at this early stage in its development. Under real atmospheric situations the model can produce realistic amount of clusters that are necessary to explain observed nucleation events. However, at this point we cannot exclude the possibility of other nucleation mechanism like "ion-induced" or "organic-sulfuric acid" nucleation which are not included in the model. As progress is made in both the field of aerosol nucleation theory and the photochemical degradation of organic terpenoid compound, we hope to incorporate these into future versions of MALTE. Further improvements include the addition of a module for estimating the net emission of gases and aerosols from terrestrial ecosystems to the atmosphere (MEGAN, paper submitted to ACP -already implemented). This should help refine the estimated emission of terpenoid compounds which are likely to oxidise and produce condensable products. We also plan to extend our chemical module to move from using "pseudo" organics to real condensable species. In parallel to these improvements, we plan to include a new parameterisation for ion-induced nucleation (Lovejoy et al., 2004) to investigate the contribution of this nucleation mechanism under different atmospheric situations.
Appendix A
Reactions rate and rate coefficients for second order reactions (1 = Atkinson et al., 1992; 2 = De More et al., 1997; 3 = Simpson, 1992; 4 = Atkinson et al., 1989; 5 = Atkinson et al., 1984; 6 = Janson, 1992; 7 = Atkinson et al., 1986; 8 = Atkinson et al., 1990; 9 = Saltelli and Hjorth, 1995 
